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A series of strong H-bonded complexes of trimethylglycine, also known as betaine, with acetic,
chloroacetic, dichloroacetic, triﬂuoroacetic and hydroﬂuoric acids as well as the homo-conjugated cation
of betaine with triﬂuoroacetate as the counteranion were investigated by low-temperature (120–160 K)
liquid-state NMR spectroscopy using CDF3/CDF2Cl mixture as the solvent. The temperature
dependencies of 1H NMR chemical shifts are analyzed in terms of the solvent–solute interactions. The
experimental data are explained assuming the combined action of two main eﬀects. Firstly, the solvent
ordering around the negatively charged OHX region of the complex (X = O, F) at low temperatures,
which leads to a contraction and symmetrisation of the H-bond; this eﬀect dominates for the
homo-conjugated cation of betaine. Secondly, at low temperatures structures with a larger dipole
moment are preferentially stabilized, an eﬀect which dominates for the neutral betaine–acid complexes.
The way this second contribution aﬀects the H-bond geometry seems to depend on the proton position.
For the Be+COO  HOOCCH3 complex (Be = (CH3)3NCH2–) the proton displaces towards the
hydrogen bond center (H-bond symmetrisation, O  O contraction). In contrast, for the
Be+COOH  OOCCF3 complex the proton shifts further away from the center, closer to the betaine
moiety (H-bond asymmetrisation, O  O elongation). Hydrogen bond geometries and their changes
upon lowering the temperature were estimated using previously published H-bond correlations.
Introduction
Geometries of intermolecular hydrogen bonds in solutions are
often an elusive subject, to a large extent owing to their
ﬂuxional nature. For a given pair of partners a small change
in the local environment might induce a large change in the
hydrogen bond geometry. The high nuclear polarizability of
the bridging proton makes it especially susceptible to the local
electric ﬁeld. The latter can be created by the polar molecules
or groups in the proximity of the complex or by the external
electric ﬁelds.1,2 For hydrogen bonded complexes in the liquid
state and in solution main electrostatic interactions come from
the ﬁrst solvation shell, which might include the counterion for
a charged system.1,3,4 Information about the structure of the
solvation shell is usually rather scarce, especially when it comes
to the position of the counterion.5 In theoretical calculations
the solvent eﬀects can be modeled by a number of approaches,
ranging from implicit polarized continuummodels6,7 to explicit
QM/MM or ab initio treatments of the solvent molecules.8–10 In
the experiment, the solvent structure can be studied by a large
variety of methods, as it aﬀects most of the physical and
chemical properties of the solute. For example, neutron diﬀrac-
tion can give an atom-to-atom radial distribution function.11
Among many spectroscopic techniques, ﬂuorescence labeling,12
terahertz,13 pump–probe IR14 and NMR15 spectroscopies were
used to study the structure of solvation shells. In our recent
publication we have employed NMR spectroscopy to study the
eﬀects of the counterion and the solvent polarity on the cationic
NHN hydrogen bonds in a series of protonated proton sponges
dissolved in polar aprotic media.3 It was shown that the larger is
the counteranion, the more symmetrically it is placed near the
cationic H-bond. Besides, lowering the temperature led to a
symmetrisation of the NHN hydrogen bonds because of the
combination of two eﬀects: (i) better separation of the H-bond
and its counterion and (ii) the solvent ordering around
the (NHN)+ fragment. Similar eﬀects have been previously
observed for the (OHO) hydrogen bonds in the homo-
conjugated anions of acetic acid, however the solvent ordering
was not explicitly invoked.16 Though the separation of the
resulting temperature dependence into two parts is to a certain
degree artiﬁcial, it would be interesting to try to isolate the
eﬀects of the counterion from the eﬀects of the solvent ordering.
For that it would be advantageous to have a direct control over
the position of the counterion. A promising way might be to ﬁx
the counterion intramolecularly. Recently, Perrin and Lau have
used this stratagem to study strong intramolecular OHO
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hydrogen bonds in zwitterionic phthalate anions.17 In
these compounds the positively charged nitrogen atom, which
compensates the charge of the anionic hydrogen bridge, does
not perturb its symmetry as it is placed symmetrically with
respect to the OHO fragment. Another source of complexes
with a ﬁxed position of the counterion could be the intermole-
cular complexes with betaines as proton acceptors. Betaines are
a widely studied class of zwitterionic compounds derived from
amino acids, comprised of a carboxylate anion covalently linked
to an ammonium cation. A number of crystalline complexes of
betaines with inorganic acids,18,19 carboxylic acids20–24 and
phenols,25 as well as homo-conjugated cations of betaines19,26,27
have been identiﬁed previously by NMR, UV-Vis, IR spectro-
scopy and X-ray diﬀraction. Unfortunately, there are very few
experimental data concerning the eﬀects of the aprotic solvent
on the H-bond geometry of betaine complexes.20,22,28
Here we present a 1H NMR study of the intermolecular
complexes of trimethylglycine (for shortness, referred to as
betaine in this paper) with acetic (3), chloroacetic (4), dichloro-
acetic (5), triﬂuoroacetic (2) and hydroﬂuoric (6) acids as well as
the homo-conjugated cationof betaine (1)with triﬂuoroacetate as
the counterion dissolved in the freonic mixture (CDF3/CDF2Cl).
Structures of the abovementioned complexes are schematically
shown in Fig. 1. We have chosen to draw the all cis forms of
complexes, as these are the most stable conformers in the gas
phase (according toourDFTcalculations; see also theDiscussion
section).However, there is nodirect experimental evidence,which
would allow us to rule out trans conformers.
The goal of the work was to follow with NMR spectroscopy
the eﬀects of the solvent ordering at low temperatures on the
hydrogen bond geometry. The presented complexes are
advantageous for this task, because in the case of 1 the
triﬂuoroacetate counterion is expected to be far away from
the negatively charged (OHO) bridge, and in the case of 2–6
the positively charged counterion is ﬁxed in space with respect
to the anionic hydrogen bridge, thus does not obscure the
observation of the solvent ordering eﬀects.
Experimental
Chemicals
Trimethylglycine, triﬂuoroacetic acid and hydroﬂuoric acid were
purchased from Aldrich and used without further puriﬁcation.
Betaine complexes with triﬂuoroacetic acid
3 mg of trimethylglycine were dissolved in 3 ml of methanol and
0.5 equiv. of triﬂuoroacetic acid was added dropwise. After that
30 ml of reaction mixture was transferred into the NMR sample
tube and the solvent was evaporated overnight under vacuum.
Betaine complexes with acetic, chloroacetic and dichloroacetic acids
3 mg of trimethylglycine were weighed and dissolved in 3 ml of
methanol. 30 ml of solution was transferred into the NMR
sample tube and the solvent was evaporated. Then the
corresponding acid dissolved in CD2Cl2 was added directly
to the sample tube in equimolar amount. The volume of the
added solution was ca. 3 ml.
Betaine complex with hydroﬂuoric acid
A stoichiometric amount of hydroﬂuoric acid (35 wt% in H2O)
was added to a methanol solution of trimethylglycine in a
polyethylene ﬂask. Methanol and water were removed on a
rotary evaporator. After that CH2Cl2 was repeatedly added and
pumped away for drying purpose. The resulting solid substance
was dissolved in CD2Cl2 and transferred into an NMR tube.
NMR sample preparation
Thick-walled sample NMR tubes equipped with PTFE valves
(Wilmad, Buena) were used. The solvent, CDF3/CDF2Cl
(freezing point below 100 K), prepared by the modiﬁed
method described in ref. 29 was added to the samples by
vacuum transfer. The overall concentration of the complex in
the sample, estimated by measuring the volume of the solution
at low temperatures (around 120 K), was about 0.001 M.
NMR measurements
The Bruker AMX-500 NMR spectrometer used was equipped
with a low-temperature probe which allowed us to perform
experiments down to 100 K. 1H NMR spectra were measured
every 10 K in the temperature range from 160 K to 120 K.
Chemical shifts were measured using ﬂuoroform, CHF2Cl, as
internal standard, and converted to the conventional TMS scale.
Signal assignment
To assign the NMR signals we have performed a series
of additional experiments on tetraethylammonium (TEA)
hydrogen bis-acetate, TEA hydrogen chloroacetate, TEA
hydrogen dichloroacetate and TEA hydrogen triﬂuoroacetate
(see Fig. S1 in ESIw). Homo-conjugates of acetic, chloroacetic
and triﬂuoroacetic acids display 1H NMR signals at chemical
shifts diﬀerent from those reported in this paper for
corresponding betaine complexes (namely, 2, 3 and 4), which
supports our assignment. In contrast, the 1H chemical shifts of
the bridging protons in betaine homo-conjugate 1 and complex
5 are quite similar (around 19.7 ppm). Thus, in order to make
the correct assignment we have compared the integrated
intensities of the bridging proton signal with that of the
–CHCl2 group of the acid, as well as CH2 and CH3 groups
of the betaine (see Fig. S2 in ESIw). Apparently, the hydrogen-
bonded complex which stays in solution at low temperatures
contains betaine and dichloroacetate moieties in 1 : 1 ratio.
Fig. 1 Schematic structure of the complexes studied in this work.
Positions of the protons in the H-bonds are estimated experimentally
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A similar check of integrated intensities was used to establish
the stoichiometry of complexes 3 and 4.
Results
NMR spectra
In Fig. 2 the low-ﬁeld parts of 1H NMR spectra of the sample
containing triﬂuoroacetic acid and the double access of betaine
are presented. The low-ﬁeld signal is assigned to the homo-
conjugated cation of betaine with triﬂuoroacetate as the
counteranion (1, see Fig. 1). Note that if the counteranion
was not triﬂuoroacetate but the homo-conjugated anion of
triﬂuoroacetic acid, it would lead to an extra proton signal.
Indeed, additional experiments show that the proton chemical
shift of the tetraethylammonium hydrogen bis-triﬂuoroacetate
dissolved in CDF3/CDF2Cl is 20.07 ppm at 120 K (see Fig. S1
in ESIw). The signal at around 18.5 ppm in Fig. 2 is assigned to
the betaine–triﬂuoroacetic acid complex 2. The signal
intensities of 1 and 2 drop at lower temperatures due to the
decrease of solubility. The chemical shifts of both signals show
temperature dependence but with diﬀerent trends. Upon
lowering the temperature from 160 K to 120 K, the bridging
proton signal of 1 shifts to the lower ﬁeld fromB19.5 ppm to
B19.8 ppm while the signal of 2 shifts from 18.7 ppm to the
higher ﬁeld by about 0.1 ppm.
In Fig. 3 temperature dependent 1H spectra of complexes 3–6
are shown. Signals of all four complexes shift to the lower ﬁeld
as the temperature decreases. Signals of complex 6 are split
into doublets due to the 1J(HF) spin–spin coupling, which is
close to 300 Hz at all measured temperatures. The solubility of
complex 6 in Freon drops dramatically at low temperatures. The
precipitate deposits on the sample walls, which aﬀects the
homogeneity of the magnetic ﬁeld and leads to signal
broadening. The solubility drop was not that large for other
complexes, where we were able to maintain relatively good ﬁeld
homogeneity even at the lowest temperature (also for other
complexes the precipitate was predominantly formed at the
bottom of the sample tube). To illustrate this point we show
the temperature-dependent widths of the solvent signals for
samples containing complexes 5 and 6 in ESI.w The
temperature dependence of the 1H chemical shifts of complexes
1–6 and coupling constants of 6 are collected in Table 1.
Discussion
This section is structured as follows. Firstly, we will
qualitatively discuss the 1H NMR chemical shifts of
complexes 1–6 in order to establish their protonation states.
Then we will discuss the geometric eﬀects which the solvation
shell might have on the proton donor–acceptor interaction.
Secondly, we will convert the experimentally observed
temperature-dependent chemical shifts into the interatomic
distances using the previously established hydrogen bond
correlations. The latter will allow us to estimate the eﬀects of
the solvent ordering on the distances from the bridging proton
to the heavy atoms.
Solvation of the betaine complexes by a polar solvent
Homo-conjugate of betaine 1. The positive charge of 1 is
compensated by the CF3COO
 anion. The latter forms a
contact ion pair or a solvent-separated ion pair with the
homo-conjugate and is likely to be placed close to the
Fig. 2 Low-ﬁeld parts of 1H spectra of the sample containing betaine
and CF3COOH dissolved in CDF3/CDF2Cl. The NMR parameters
are collected in Table 1.
Fig. 3 Low-ﬁeld parts of 1H spectra of the samples containing 0.001 M
of complexes (a) 3, (b) 4, (c) 5 and (d) 6 dissolved in CDF3/CDF2Cl.
The NMR parameters are collected in Table 1.
Table 1 Experimental 1H NMR chemical shifts of the bridging proton for complexes 1–6 as well as the 1J(HF) coupling for complex 6
T/K
1 2 3 4 5 6
d(1H)/ppm d(1H)/ppm d(1H)/ppm d(1H)/ppm d(1H)/ppm d(1H)/ppm 1J(HF)/Hz
160 19.532 18.691 15.171 17.552 19.476 15.305 300.57
150 19.612 18.669 15.254 17.693 19.540 15.425 295.89
140 19.683 18.636 15.357 17.824 19.609 15.542 292.04
130 19.748 18.605 15.442 17.947 19.666 15.658 289.62
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positively charged (CH3)3N
+CH2– fragments, away from the
negatively charged OHO bridge. Thus, in the ﬁrst
approximation the H-bond is not perturbed by the
counteranion. The proton chemical shift around 20 ppm
indicates a short O  O distance, though it is hard to tell
whether the proton is located in the H-bond center or it is
involved in a fast exchange between O  H  O and
O  H  O forms. In fact, it is reasonable to expect that the
homo-conjugate 1 is present in the solution as a distribution of
‘‘solvatomers’’17 which diﬀer in the structure of the solvation
shell and thus in the H-bond geometry. In the ensemble there
might be structures with a central proton position, but the
most probable ones are perhaps somewhat asymmetric.8 The
short O  O distance is a common feature of many betaine
homo-conjugates with various counterions in the solid state,
the typical values being r(OO) = 2.44–2.57 A˚.19
The low-ﬁeld shift of the proton signals at the low
temperature can be explained in terms of the solvent–solute
interactions. In the solution complex 1 is surrounded by polar
CDF3 and CDF2Cl molecules. The lower the temperature, the
more ordered the solvent molecules are around the hydrogen
bridge (i.e. the equilibrium shifts towards the more structured
solvatomers). Ordering of the solvent manifests itself also in
the raise of the dielectric constant of the bulk solvent (for the
CHF3 : CHF2Cl 1 : 1 mixture e rises from ca. 20 at 170 K to
ca. 40 at 100 K30). In the case of complex 1 lowering the
temperature leads to an increase of the 1H NMR chemical
shift, which indicates structures with a more central average
proton position and shorter O  O distances.31 We believe
that the reason for these changes is the preferential
stabilization of the structures with the more localized
negative charge, achieved at shorter O  O distances. This
scenario is schematically shown in Fig. 4a. A similar
temperature dependence of the 1H NMR chemical shift has
been previously observed for the homo-conjugate of acetic acid
with tetrabutylammonium as the counter-cation.16 This
similarity suggests that in both cases the inﬂuence of the
counterion on the solvation of the (OHO) fragment is small.
Betaine triﬂuoroacetic acid 2. The 1 : 1 complex 2 exists in
solution only as a minor species in the equilibrium with the
homo-conjugate 1 (see Fig. 2, right). Apparently, due to its
high proton donating ability the triﬂuoroacetic acid prefers to
give the proton away and to become a counteranion to a
homo-conjugated betaine cation. We note that the formation
of homo-conjugated cations can help to explain the UV-Vis
spectra of pyridine–betaine mixture with 2,6-dichloro-4-
nitrophenol in CH2Cl2, published previously by Dega-
Szafran et al.20 For more information on this subject the
reader can refer the ESI.w
The proton chemical shift of 2 is about 18.5 ppm, indicating a
rather strong hydrogen bond, though it does not tell us on which
side of the bridge the proton is located. To ﬁgure this out we
have used additional information. In the solid state the complex
2 shows two structures, both with BeCOOH  OOCCF3
geometry, r(OO) = 2.488/2.565 A˚.21 Besides, the betainium
displays lower acidity than the triﬂuoroacetic acid,
pKa(betainium) = 1.8,
32 pKa(CF3COOH) E 0.5. These
considerations allow us to assume that in 2 dissolved in
CDF3/CDF2Cl the betaine moiety is protonated, while the
negative charge is accumulated on the carboxylic group of
the triﬂuoroacetate, as shown in Fig. 1. Further support for
the attribution comes from the temperature dependence, which
is discussed below. As it was already mentioned for complex 1,
the single H-bond geometry associated with the complex in
solution is an approximation. In a more realistic picture, the
thermal ﬂuctuation of the solvent molecules creates the
ensemble of geometries which diﬀer by the momentous
structure of the solvation shell. However, for the purposes of
this work the assumption of the single H-bond geometry seems
to be suﬃcient and the reported geometry corresponds to the
proton position averaged over the solvatomers and over the
normal vibrations.
Upon lowering the temperature from 160 K to 120 K the
dielectric constant of the solvent increases and the bridging
proton signal of 2 shifts to the high ﬁeld by 0.1 ppm. This
means that the hydrogen bond becomes weaker and O  O
distance slightly increases. The driving force for this geometric
change is most likely the preferential stabilization of the
structures with a larger dipole moment in a more polar
solvent.1 For 2, the more the proton is shifted to the betaine
side, the larger is the negative charge on the triﬂuoroacetate,
thus the larger is the overall dipole moment of the complex,
because the positive charge compensating the (OHO)
fragment is ﬁxed on one side of the H-bond. This scenario is
schematically shown by the two bottom structures in Fig. 4b.
The discussion of Fig. 4b will be continued for complexes 3–5.
Betaine acid complexes 3, 4 and 5. Like the complex 2,
complexes 3–5 are neutral. The proton position can be found
if one considers the changes in the 1H chemical shifts in the
series 3–4–5, in which the acidity of the proton donor increases
(pKa(CH3COOH) = 4.80, pKa(CH2ClCOOH) = 2.65,
pKa(CCl2HCOOH) = 1.37). In this order the
1H signal shifts
to the low ﬁeld (see Fig. 3a–c), indicating the proton
Fig. 4 (a) Schematic representation of the solvation of the homo-
conjugated cation of betaine by the polar aprotic molecules at higher
(above) and lower (below) temperatures; (b) schematic representation
of the full proton transfer pathway from the proton donor to the
betaine. While it takes a series of proton donors to cover the full
pathway, parts of it could be covered by changing the temperature or
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displacement towards the H-bond center, which proves that in
complexes 3, 4 and 5 the bridging proton is located closer to the
donor, leaving the carboxylic group of betaine negatively
charged.
The similarity in the structures translates into the similarity
of the temperature dependencies of the bridging proton
chemical shifts. For each complex when the temperature is
lowered the signals of the bridging proton shift to the low ﬁeld.
Upon cooling from 160 K to 120 K the 1H signal of 3 shifts to
the low ﬁeld by 0.35 ppm, for 4 by 0.51 ppm and for 5 by
0.26 ppm. The displacement of the signal indicates the shift of
the proton to the H-bond center. As it was mentioned
previously, the driving force of the proton displacement is
the stabilization of the polar structures in the polar solvent.
Symmetrisation of the hydrogen bond (O  O shortening) and
the increase of the dipole moment are consistent only with the
structures of the type BeCOO  HOOCR, with the proton
located on the acid side, in contrast to complex 2. This scenario
is illustrated by the two upper structures in Fig. 4b. The whole
set of structures shown in Fig. 4b corresponds not to a single
complex, but rather to a series of complexes, each covering
only a fraction of the proton transfer pathway when the
temperature or the polarity of the solvent is changed. Fig. 4b
can also be seen from the other angle: it describes the structural
changes in a complex of betaine with a carboxylic acid if the
proton donating ability of the latter was continuously changed,
while the temperature and the solvent polarity are kept
constant.
Betaine hydroﬂuoric acid 6. The structure of 6 as shown in
Fig. 1 can be conﬁrmed by the value of the 1J(HF) coupling
constant, which is 300 Hz, see Fig. 3d. The 1J(HF) coupling
constant for free HF molecule is around 600 Hz,33 while the
coupling for the central-symmetric (FHF) anion is around
124 Hz.34 The BeCOO  HF structure is further supported by
the temperature dependence: upon lowering the temperature
the bridging proton signal shifts to the low ﬁeld, in the same
way as it does for complexes 3, 4 and 5. At the same time, the
1J(HF) coupling decreases from 301 Hz to 287 Hz, indicating
the increase of the r(HF) distance. The direction of the
structural changes resembles that found previously for
the CH3COO
d  H  dF complex, though in the latter case
the hydrogen bond was found to be quasi center-symmetric.35
Estimation of the H-bond geometry from H-bond correlations
H-bond correlations for complexes 1–5. In a recent series of
publications we have established the correlation between the
1H NMR chemical shifts and the OHO hydrogen bond
geometry.16,31 These correlations rely on the interdependence
of the two hydrogen bond distances r1 = r(OH) and





(r1  r2) and q2 = r1 + r2. (1)
For linear hydrogen bonds q1 represents the distance of H from
the hydrogen bond center and q2 the heavy atom distance. A
general dependence of q2 on q1 which is valid for all OHO
hydrogen bonds is depicted as a solid line in Fig. 5a (adapted
from ref. 31). As it was shown by the combination of solid state
NMR and crystallographic methods, a fairly good correlation
exists between the 1H NMR chemical shift and the geometry
of an OHO hydrogen bond.16,31,37–41 This correlation is
illustrated as a solid line in Fig. 5b which was calculated using
the following equation:
dH = 6 + 15.3 exp(6.2q12). (2)
Here we use the hydrogen bond correlations to convert the
experimentally measured 1H NMR chemical shifts of
complexes 1–5 into the interatomic distances r(OH) and
r(HO). The points in Fig. 5a and b were obtained as follows.
Firstly, the experimental 1H chemicals shifts (Table 1) were
converted into q1. Secondly, the q2 values were found from the
q1 values using the correlation shown in Fig. 5a. The subset of
the resulting distances is collected in Table 2, while the
complete set is given in ESI.w
H-bond correlations for complex 6. There is only one
publication reporting the NMR hydrogen bond correlation
for OHF hydrogen bonds.35 Though the model used in ref. 35
is more crude than the one used for the OHO bonds, we have
used the former to estimate the r(OH) and r(HF) distances
which would give the best ﬁtting of the experimentally
observed 1H chemical shift and 1J(HF) coupling constant,
see the bottom line of Table 2. For comparison, we also give
the r(OF) distance in an OHF hydrogen bond of a compound
similar to 6, N-methylpiperidine betaine hydroﬂuoride.18
Analysis of the temperature dependencies of H-bond geometry
for complexes 1–6. It can be seen from Table 2 and Fig. 5 that
in all cases the lowering of the temperature from 160 K to
120 K changes the q2 by less than 0.02 A˚ and q1 by less than
0.03 A˚. These changes, which might be considered minor, are
nevertheless clearly manifested in the NMR spectra, proving it
Fig. 5 OHO hydrogen bond correlations adapted from ref. 31. (a)
Geometric correlation between q1 and q2 values. (b)
1H NMR
correlation according to eqn (2). Data points correspond to
experimentally measured 1H NMR chemical shifts for complexes 1–5
ﬁtted to the solid correlation curves. The resulting H-bond geometries
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to be a sensitive tool able to detect and quantify small changes
in geometry of intermolecular complexes.
The decrease in q2 upon lowering the temperature from
160 K to 120 K is larger for complexes 3 and 4 (0.0126 A˚
and 0.0144 A˚, respectively) and smaller for complex 5
(0.0059 A˚). For complex 2 q2 increases upon lowering the
temperature and the magnitude of the change is the smallest in
the series: +0.0026 A˚. The tentative reason for this is as
follows. In the order 3–4–5–2 the bridging proton is
gradually transferred to the betaine side and thus the overall
dipole moment of the complex increases. The larger is the
dipole moment, the better are the solvent molecules ordered
around the solute and lowering the temperature induces only
small changes in the structure of the solvation shell, which
translate into the small geometric changes. One could argue
that the closer is the bridging proton to the H-bond center, the
higher is the proton polarizability; thus the hydrogen bond
geometry should be more responsive to the change in the
external conditions. Apparently, in our case this does not
happen and the rationalization involving the overall dipole
moment of the complex seems to suﬃce.
Conclusions
We conclude that in the symmetric homo-conjugated cationic
complex 1 the eﬀects of the intermolecularly placed counterion
(triﬂuoroacetate) on the geometry of the (OHO) bridge are
minimized, as they have the same charge and are likely to be
separated. In contrast, the counterion eﬀects are ampliﬁed in
neutral complexes 2–6, because the position of the positively
charged fragment, which compensates the charge of the
(OHO) bridge, is ﬁxed intramolecularly and asymmetrically
with respect to the hydrogen bond.
The temperature dependence of the bridging proton position
could be explained by considering the ordering of the dipoles of
the solvent around the solute at lower temperatures. For
complex 1 this ordering stabilizes the structures with the
more compact negative charge (shorter O  O distance). For
complexes 2–6 the solvent ordering preferentially stabilizes the
structures with the larger overall dipole moment, which can mean
either hydrogen bond lengthening (2) or contraction (3–6),
depending on the initial proton position, Be+COO–H  OOCR
or Be+COO  H–OOCR, respectively. The temperature eﬀects
on the O  O distance lie within the range 0.002–0.014 A˚.
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